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1 Pathogenesis of bacillary dysenter LICROFICHE
Min laboratory animals
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PROGRESS IN CLARIFYING the disease process of bacillary served. Ulcerative lesions of the bowel not unlike those
dysentery has been hampered by the lack of a convenient observed in the natural host are noted. The distribution
annial with which to work, for man, the chimpanzee, of these lesions depends upon the time when the animal

' and the monkcy are the only natural hosts. The result is succumbs. If it dies within 48 hr after challenge, lesions
* that after 6o-odd years of research, we do not have any of the small intestine predominate (Fig. I), whereas

notion of how pathogenic dysentery bacilli differ from severe lesions of the cc Lim and colon are seen in those
nonpathogenic Escherichia coli. Indeed, the fundamental animals dying at a later time (Fig. 2). The intestinal
problem of defining the characteristics which endow the tract of starved animals fed heat-killed bacteria remains
former with the capacity to cause dysentery while the normal. Similarly, the normal anatomical features of the
latter passes through the bowel, usually without causing intestinal tract are preserved when living cultures of E.
symptoms, has not been answered. We and others have coti or nonpathogenic strains of Shigellae are administered.
attempted to study the infection in small laboratory Many factors, no doubt, are involved in rendering the
animals in the hope that the findings obtained under starved guinea pig susceptible to the fatal enteric infec-
these artificial conditions might give us some hints on the tion with dysentery bacilli. We have studied two of these
disease process as it occurs in nature. Much of the in some detail. First, histologic examination of the major
experimental work in the study of bacillary dysentery organs of starved guinea pigs revealed that the only
has been carried out in mice infected by the intraperi- consistent change brought about by the starvation
toneal rouce. However, an approach such as this is some- procedure '%as a centrilobular fatty degeneration of the
what limited, for the factors influencing infection of the liver. This striking change led us to try a common
peeitoneal cavity must necessarily differ from those chemical, hepatotoxin, in an attempt to reproduce the
operating in the intestinal tract. same pathological changes. It was found that a sub-

While normal guinea pigs exhibit little or no reaction cutaneous injection of a sublethal dose of carbon tetra-
after oral administration of virulent dysentery bacilli chloride could substitute for the starvation period. If one
followed by an intraperitoneal injection of opium, gave a small dose of carbon tetrachloride, 24-48 hr prior
animals which have been deprived of food for 4 days to oral challenge with dysentery bacilli, the pattern of
usually die after being fed the bacteria, providing a drug death and pathological changes in the intestinal tract
such as opium is injected (7). It is this experimental were the same as those seen in animals which had been
model, the infected starved guinea pig, which we should starved (8).
like to characterize and try to relate the findings ob- These experiments suggested that a physiologic lesion
tained from it to the natural infection. First, the model of the liver played a role in the over-all reaction of the
infection is specific in the sense that animals die follow- animal to the experimental infection. The liver has long
ing oral challenge with I X 0 o Shigella flexneri but sur- been considered an organ of detoxification, and the re-
vive the feeding of even higher doses of E. coli strains iso- sults of toxicity experiments, summarized in Table 3,
lated _rom healthy human beings (Table I). In addition, demonstrate that both starved and carbon tetrachloride-
living dysentery bacilli are required to cause a fatal in- treated animals are much more susceptible than normal
fection: animals survive the oral administration of io" animals to bacterial endotoxin, the only known toxic
dead cells but succumb when io7 living bacteria are product of S. flexnri (9). The lesion of the liver must be
administered per os (Table 2). somewhat specific in that the administration of allyl

Death usually occurs 24-48 hr after the challenge alcohol, which also causes severe changes in the liver,
strain is fed but can take place as long as a week later. does not appreciably increase the animmals susceptibility
Diarrhea is not seen in ani%,.als dying within 48 hr of to endotoxin (WV. E. Farrar, Jr., personal communica-
challenge but is common in the relatively few animals tion). Others have demonstrated that liver extracts have
that succumb later in the disease process. The infection the capacity to inactivate endotoxin in vitro and that the
is limited to the bowel; bacteremia has not been ob- inactivation process appears V ICYe tic in natureICopies NOT available
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TAULE I. Susceptibility of starved* Hartley strain guinea A second factor which has been studied in this experi-
pigs to the oral administration of strains of Enterobacteriaceae mental model is the small intestine which has been found

Strain Challenge Dow Deaths Total to be intimately involved in the infection which results
S. flexneri 2a strain 2457 I X to7  8/,o in the death of the majority of the modified animals (6).
E. colit HS I X Ir' o/,o Most of the animals which succumb do so 24-48 hr after
E. coli WS 2.2 X to' 0/,o challenge and dysentery bacilli in large numbers are
E. coli El. a.3 X 10, 0/,o isolated from the prcximal small bowel. Furthermore, if

* Animals starved 4 days prior to challenge; i ml tincture of S. flexneri cells are injected into the duodenum the animal
opium injected intraperitoneally after challenge. tE. coli dies, but animals usually survive comparable challenges
strains isolated from healthy, adult human beings. inoculated into the cecum. On the other hand, in the

relatively few animals which exhibit symptoms of diar-
TABLE 2. Susceptibility of starved* Hartley strain rhea and which succumb at times later than 72 hr post-
guinea pigs to the oral administration of heat-killed challenge, the colon is predominately involved. Classical
Shigella flexneri 2a bacillary dysentery is considered to represent an infec-

Dose Deaths/Total tion of the large intestine. However, it is possible in some
Killed S. flfxneri 'ia situations that the small intestine is the major area which

2 X ion cells o/to is affected, and in these cases the over-all picture of the
, X 1010 cells I/to disea•se might be expected to be quite different from that
I X to9 cells o/to
, X 10, cells 0/to which is commonly seen. Indeed organisms of the family

Livitýg S. flexneri ta Enterobacteriaceae are not normal residents of the small
5 X io0 cells 8/to intestine, and it has been suggested that even nonpatho-

* Animals starved 4 days prior to challenge; i ml tincture of gens multiplying in this region for short periods might
opium injected intraperitoneally after challenge. cause transient c' angeq in the mucosal architecture and

mild symptoms (2). The major defense mechanism thus
far found for maintaining the small intestine relatively
free of gram-negative microorganisms is its motility
(2, 6); thus in the experimental model, this had to be
blocked by the injection of a drug such as opium so that

no. m. Terminal ileum of starved guinea pig 20 hr after oral ,' "14..-,•

challenge with virulent Shigela flexaert •a. There is an acute ,n- ,•*""
flammatory reaction in the lamina propria, and the vilhus archi--,-
tecture ii greatly altered. Hemotoxylin-eouin stain. X 9'.•

"A"t

(15). More recently, Farrar and Magnani (3) have been 0 I
able to demonstrate that liver preparations from carbon V
tetrachloride-treated guinea pigs have a markedly re-
duced capacity to inactivate endotoxin in vitro than do
similar extracts of liver from normal animals. In addi- no. 2. Colon of starved guinea pig 72 hr after oral challenge

tion, evidence has been presented which indicates that with virulent S. )limna 'a. There is an acute inflammatory reac-
tion in the mucoia, and the epithelium is virtually destroyed

the enzyme(s) involved in this inactivation process have Remnants of crypt glands may be teen. There is an inflammatory
to do with fatty acid oxidation (I). exudate in the lumen. Hemotoxylin-eomn stain. X tif6.
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"TABLE 3. LDo Of bacterial endotoxin* for normal, starved classical dysentery. On the other hznd, animals receiving
and carbontetrachloride-treated Hartley strain guinea pigs the mutant strain remained norma.l.

.. ........- - 1 • --- -Studies were conducted in an attempt to define the
T'reatment attributes which are responsible for the pathogenicity of

.. .. ........ the parent strain for starved guinea pigsand monkeys and
'Noma Staved- Carbon

SNornal Stard_ tetrUachloridet

LDbo (jg) 2,500 52.8 4.0

s• 1,766 26.4 3.4

Endotoxin injected iv in o.5 ml vol. tAnimals starved
4 days prior to the injection of endotoxin. to. 15 ml CCI4 in-
jected subcutaneously 30 hr prior to the injection of endotoxin.

the process of a severe infection could proceed resulting
in the acute death of the animal.

The experimental model, then, consists of an acute
infection of the small intestine in the animal which at the
same time has been rendered quite sensitive to the toxic
products of the infecting organism. This is obviously not
classical bacillary dysentery which at least in young
adults is not usually fatal. However, the animal model
bears a similarity to the Ekiri syndrome which in the past
has been quite common in Japanese children (16). This
syndrome appears to be a fulminating enteric infection,
usually with Shigella, but can also result from infection %
with strains of pathogenic E. coli or Salmonellae. Diarrhea
may or may not occur. The child appears to be in a state
of shock, and convulsions may or may not be present. In
extreme cases, death may occur within 8 hr after the on-
set of symptoms. Ekiri is not limited to Japan, however, FIG. 3. Terminal ileum of guinea pig 2o hr after oral challenge
for individuals with similar symptoms have been seen in with avirulent mutant strain of S. flexnffi 2a. Epithelium is intact.

the United States (io, i i). The smali intestine may be as Lamina propria is normal, and villus architecture unaltered.

important a factor in the Ekiri syndrome as it is in the Compare with Fig. i. Hemotoxylin-eomin stain. X 91.

experimental guinea pig model. In addition, the extreme
sensitivity of the child to the infection may be due in
large part to the child's inability to handle the toxic prod-
ucts of the infecting organism and not necessarily to a
unique sensitivity of the target organs to small amounts
of the bacterial toxins.

There is no doubt that host factors play a major role
in the course of the disease after infection has taken place.
It is equally certain that the ability to cause disease re-
sides in the infecting organism. In order to understand
the attributes which a virulent dysentery bacillus must
possess to be pathogenic, we have compared a virulent
parent dysentery strain with a mutant strain, derived '
from it, whose capacity to cause disease in the experi-
mental animal is completely altered. When the parent
strain was fed to starved guinea pigs, 9g '; succumbed; on
the other hand, all of the animals survived similar chal-
lenge doses with the mutant (14). Not only was the
mutant strain unable to kill, it did not even cause histo-
logic changes in the bowel (Fig. 3 and 4). Indeed, the
animal reacted no differently to oral challenge with the
mutant dysentery strain than with E. coli. These observa-
tions made in the experimental guinea pig model wereexteded o anatual ostthe onkv (1). pproi- O 4. Colon o" guinea pe 48 hr after oral challenge with

extended to a natural host, the mmonkey (3). Approxi- aviruknt mutant strain of S #'ratvre Ja. Epitbelium is intact

mately 35 (' of monkeys fed 5 X tow' cells of the parent Thtref no evidence oi an iiflammatorv reaction. Compare with

strain exhibited snmptomns ranging from diarrhea to Fig. j. Hemotoxylin-esmin stain X mi8
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ous concept of the process of ulcer formation envisioned
consecutive waves of absorption and excretion of heat-
stable toxin across the intestinal wall resulting in hypoxia
and death of the epithelium (4). It is, of course, true that
the intravenous injection of heat-killed gram-negative
organisms or isolated endotoxin results in bowel pathol-
ogy in some animal species. However, neither symptoms
nor significant alteration of the intestinal mucosa are
observed following repeated oral administration of large
doses of these materials. Furthermore, if toxin absorp-
tion from the intestinal lumen is art essential fea-
ture of the disease process, one would expect patho-
genic Shigella to produce a toxin or toxins which non-
pathogenic E. co/i fail to elaborate. With the exception of
neurotoxin of S. dysenteriae i, differences in toxin produc-
tion by strains of Shigella on one hand and E. co/i on the
other have never been demonstrated. Thus, an alternate
explanation of the mechanism of ulcer formation appears
to be in order.

LaBrec and Formal (12), using the fluorescent anti-
body technique, have observed that virulent dysentery
bacilli have the capacity to cross the intestinal epithelial
barrier and enter the lamina propria (Fig. 5). Recent
studies (13) indicate that the organisms reach the lamina
propria by penetrating and passing through the intes-
tinal epithelial cell (Fig. 6). This is an attribute of the
parental virulent strain; it is not a characteristic possessed
by the avirulent variant. When fed to animals, the

FIG. 5. Frozen section of ileum from a starved guinea pig 8 hr avirulent variant remains in the lumen of the intestine,
after m-! challenge with the virulent parent strain of S. flerneri
ja. Sectiun was treated with fluorescein-labeled rabbit anti-S.
flr raert aa globuin. Arrows point to some of the fluorescing
Shk•rllae in lamina propri, (L) of two villi. Shgeellat phagocytowed
by an inflammatory cell can be seen at (a). (IL) denotes the in-
testinal lunmen. Original magnification, X 240.

which are absent or masked in the mutant strain. Both
strains are serologically identical when tested by agglu-
tinin adsorption procedures and no di"Terence has been
noted in their reactions when examined -i- t:he Ouchter-
lony imimunodiffusion technique. Both strains kill mice
equally well when suspended in 5"' hog gastric mnucin
anid injected intraperitoneally. The LD&,, for ,nice ranges
between t X io' to i X io" cells depending on the strain
of mice employed. Thus, here then is an obvious discrep-
ancy in the criteria used to assess pathogenicity, for only
the parent strain is capable of causing sympptmns when fed
to either the starved guinea pig or the monkey. Both
strains are equally toxic for mnice when suspensions of
acetone-killed and dried cells are injected intraperito-
neally; the LOI, dose is approximately 8 mug. Both strains
grow equally well in vitro and also, as far as we can tell, in
vivo (14). Thus, both strains appear to be identical ex-
cept for the fact that the parent produces disease while no 6. Froen section of termiunal ilevm fromi a £uled uinwa
the mutant does not. pig 8 hr after oral challesnl with virulrn train of S. *,w-•$ aa-

Study of the infection with the fluorescent antibody Section was treased with fluof, in-l4abeled rabbt anbi. # ,wr.

technique ied not only to an explanation for the differ- & 9l'obutin SPecifialty fhuorrm-ign .htr (arwh c,, be 1 c
within epitheial ciU. The oaranrmmu at (a) amr pbhaocysomd (I.,

ence in the pathogenicity of the two strains but also to an denou the lamina prop of a ausink ,%ifs. (Cis the crypt area.
insight into the nechanismn of uk-er formation. The previ- Original maugnficatio. X ,40.
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and even though it may be in contact with the epi..
thelium, it has not been observed to enter the epithelial
cells or the lainina propria (Fig. 7). This capacity to
enter the mucosal tissue via the epithelial cell is the only
property so far detected which distinguishes the virulent
from the nonvirulent strain.

On the basis of these observations, one may then con-
struct a chain of events which results in the formation of
an ulcerative lesion of the intestinal tract. First, the
virulent dysentery bacilli enter the epithelial cell where
they may multiply to some extent (Fig. 6), from here
they enter the lamina propria (Fig. 5). Survival and
multiplication of the organisms in this site leads to an
accumulation of metabolic products and the local release
of endotoxin; these cause hypoxia and death of the epi-
thelium, resulting in an ulcer (Fig. 8). This process con-
tinues until the defense mechanisms of the host become
sufficient to prevent the pathogen from further invasion
of the bowel wall.

If this thesis is correct, one need not postulate the ab-
sorption of toxic materials from the bowel lumen; rather,
these are released in the mucosal tissue by the pathogenic
organisms which have penetrated to this site. Moreover,
it follows from the hypothesis that epithelial cell pene-
tration and at least limited survival in the lamina propria
are the necessary properties conferring on the dysentery
bacilli the capacity to produce disease. If this is the case, no. 8. Frozen section of ileum frotn a starved guinea pig 24 hr
then it is these characteristics rather than somei un- after oral challenge with the virulent parent strain ofS. fixneri aa.
detected difference in toxin production which serves to The section was treated with fluorescein-labeled rabbit anti-.

s ya rgxo ja globulin. The normal .nucosal architecture is obscure.
set the dysentery bacilli apart from the nonpathogenic E. The intestinal lumnen (ILi and the ulcerated portion of the iucosa
colt, and avirulent Shiqdllar. (mu) contain inflamnuiatory cells. tissue debris, and fluorescing

Shagr/loe. fe) is the mncosal epithelium. Original magnification,
X 1,30.

The severity of symptomns experienced by an indivioual
could depend upon the nmber of sites on the inucosa
which the pathogen penetrates, the ability of the orga-
nism to multiply in the lamina propria, the sensitivity of
the host to the toxic products of the invading organism,
and the rapidity of response of the defense mechanismis
of the host to the infection. The experimental model just
described offers opportunit% to gain insight into somei of
these possibilities. rhe possible role of the liver and smitall
intestine in enteric infections has alread% been :nien-
tiozced. At present studies are being carried out with
certain E. (oh S.nqfia hybrids (r) which har- the capac-
ity to penetrate the intestinal epithelium Nit lack the
ability to niuiltiply in the lamina propna- While altera-
tion in bowcl histology is observed, the starved k'uiwa pig
invariably survives infection with such hylitid strains

"Gio 7- Frwen secton od ileum frowu a starved guinea pw 8 hr ntinpthlished observtions). It is hoped that stuch stdies
after oral challenge with avirulknt mutant strain o S j*%wy, ia. will also ield somie clues concerning the defens meih-
Section was treated with ihxoresc-in-labeled rabbit anti4 Aferar, nisns of the bowel wall.
globulin. Manv flu•nresn S•¢me/hlo ares-en in intestinal lumen The conc':pts expressed here were foriuilated exclu-

11.1 No fluorescing organsiu can be *mn in the minmual rlo- sively front observations made in an artificial experimetntal
thelium or in the lamrina prop-a (l,' The hogtor'es thi in
lamina propna contain inciumons which ha•i a if'mr fluores- infection in the guinea pig. While they are of inter-t,
cence o yellow or arait color ()WnAl nag;cifiation. X j4o they can be of little or no practical val%"e Umless they ir-
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flect the disease process as #t occurs in nature. In so far as thelial cells as a step in the procescz of ulcer formation,
we have been able to test them, e.g., the role of bowel the saine concepts also hold for one natural host, the
motility as a defense mechanism, the capacity of mutants moamkey. It is expected that these can be extended to
to callise disease, and the penetration of inucosal epi- another natural host-mnan.

REFERE'N(CES

I . CORWINa, L. M., AND W. E. FARRAR, JR. J. Bacterial. 87: 832, 9. FoRMAL, S. B., H. E. NOYES, AND ti. SCHNEIDER. PrC. SOC.
104. Expil. Biel. Merd. 103: 415, 1960.

2. DIXON, j M. S., AND.J. W. PAULLEX. Gut 4: 169. 1963. t0. HOZFNAOEL, D. New Enmgl. J. Med. 258: 1256, 1958.
3. FARRAR, W. E.,JR., T. J. MAONANI. Proc. Soc. Exptl. Biol. .ird. I I. KoWLESSAR, M., AND G. B. Fotani. New Engl. J. Mted. 258:

1 15: 5fi, 1964. 5-20, 1958.
4. FmLS1N,.J. 8.callary D~ysentery, Colitis, and Enteritis. Philadelphia: 22. LABUEC, E. H., AND S. B. FORMAL. J. Imrnunol. 87: 562, i96t.

Saunders, 1945. 13. LABREC, E. H., H. SCHNEIDER, T. J. MACNANI, AND S. B.
5. FALOW, S., H. SC4NEIDER, L. S. BARON, AND S. B. FORMAL. FORMAL. J. Baifituev 88; 1503, i964.

J. Beterial. 86: 1251, t963. 14. SCHNEIDER, H., AND S. B. FORMAL. Bact. Prac. 66: t963.
6. FORMaAL, S. B., G. D. ARRAlS, H. SCHNEIDER, AND H. SPRINZ. t5. TRAPANI, R. J., V. S. WARAVDEKAX, M. LANDY, AND W.I~.

J. &jctevwl. 85: 119, 1963. SHEAR. J. Infect. Diseases 110: 35, 1962.

7. FORMAL, S. B., G. J. DAMMIN, E. H. LABREC, AND H. 16. OGASAWARA, K. Advances in the Study of Fkiri in Japan. Tokyo:
SCHIEIDER. J. Raterimul. 75: 604, t958. Japan Society for the Promotion of Science, 1955.

8. FoRm4AL, S. B., G. J. D,-.mbuN, H. SCHNrIDER, AND E, 11.
LABREC. J. Bactenaul. 78. 800), 1959.


